Abstract The primary cilium is a microtubule-based sensory organelle found on nearly all eukaryotic cells but little is understood about its function in the testis. We investigate the role of primary cilia on testis cells in vitro by inhibiting formation of the primary cilium with Ciliobrevin D, a cell-permeable, reversible chemical inhibitor of ATPase motor cytoplasmic dynein. We analyzed cultured cells for the presence of primary cilia and their involvement in hedgehog signaling. Primary cilia were present on 89.3 ± 2.3 % of untreated testicular somatic cells compared to 3.1 ± 2.5 % cells with primary cilia for Ciliobrevin D-treated cells. Protein levels of Gli-2 and Smoothened were lower on Western blots after suppression of cilia with Ciliobrevin D. The inhibitor did not affect centrosome localization or cell proliferation, indicating that changes were due to ablation of the primary cilium. Testicular somatic cells have the ability to form three-dimensional tubules in vitro. In vitro-formed tubules were significantly longer and wider in the control group than in the Ciliobrevin D-treated group (9.91 ± 0.35 vs. 5.540 ± 1.08 mm and 339.8 ± 55.78 vs. 127.2 ± 11.9 μm, respectively) indicating that primary cilia play a role in tubule formation. Our results establish that the inhibition of ATPase motor cytoplasmic dynein perturbs formation of primary cilia in testicular somatic cells, affects the hedgehog signaling pathway and impairs tubule formation in vitro. These findings provide evidence for a role of cilia in the testis in cell signaling and tubular morphogenesis in vitro.
Introduction
Two types of cilia are present in eukaryotic cells, motile cilia and primary cilia. Motile cilia are found only in specialized tissues such as the trachea, oviduct and middle ear, whereas primary cilia are formed on the majority of cells. Defects in primary cilia lead to several complex syndromes called ciliopathies, development of abnormal growths and cancer (as reviewed by Basten and Giles 2013) .
The function of motile cilia in the female and male reproductive tract is well understood; in females, they are localized in the oviduct, have steroid hormone receptors and synchronize their ciliary beating to the estrous cycle phases to help propel the oocyte towards the uterus (Teilmann et al. 2006; Nutu et al. 2009; Brenner 1969) . In males, the sperm flagellum is considered a motile cilium and the organelles are also described in the efferent ductules (see Illio and Hess 1994; Hess 2002 Hess , 2015 where they regulate the continuous uptake of fluid (Reid and Cleland 1957) . Investigations into the role of primary cilia in the testis are relatively recent (Ou et al. 2014) but in the last decade the expansion of scientific knowledge surrounding the primary cilium has highlighted this organelle as an important structure in the orchestration of cellular development and homeostasis (Delling et al. 2013 ).
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Primary cilia function is pivotal during embryonic development. The microtubular structure of the primary cilium sustains an intraflagellar trafficking system essential for signaling pathways including hedgehog (Hh), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF) and canonical and non-canonical planar cell polarity WNT (as reviewed by Goetz and Anderson 2010) . These pathways are responsible for guiding cell patterning and differentiation, leading to the evolvement of all bodily systems (Tasouri and Tucker 2011; Willaredt et al. 2013; Goetz and Anderson 2010) .
Studies confirm that knockout mice engineered to have a deficiency or absence of primary cilia do not complete fetal development and the animals display central nervous system defects and randomization of left-right asymmetry of organs (Huangfu et al. 2003) . These defects are likely due to the disruption of Hh and Wnt pathways.
The activation of the Hh pathway, which is exclusively dependent on primary cilia and their intraflagellar protein trafficking, is well characterized. Hh ligand binds to the transmembrane protein Patched that allows the protein Smoothened (Smo) to flow to the primary cilium and activate the family of Gli transcription factors (Corbit et al. 2005; Rohatgi et al. 2007) . Bitgood et al. (1996) showed that desert hedgehog (Dhh), one of three Hh genes, is an initial indicator of sex differentiation during early stages of embryonic development; Dhh is expressed by the precursors of Sertoli cells immediately after Sry during male sex determination. They also demonstrated that Leydig cells express the transmembrane protein Patched, a Dhh receptor protein. Barsoum et al. (2009) further confirmed that activation of Dhh in somatic cell precursors of fetal ovaries leads to precursor cell differentiation to Leydig cells. Clark et al. (2000) also revealed that peritubular myoid cells rely on Dhh for their complete development. Despite this substantive body of evidence supporting the important role of Dhh in male gonadogenesis and testis maturation, the characterization and function of primary cilia and Hh signaling in post-natal gonads are unexplored areas in the field.
Our previous work described the presence of primary cilia in the somatic compartment of mammalian testicular cells and their absence in undifferentiated germ cells (Ou et al. 2014) . We reported that primary cilia are abundant during the first 2 weeks of age in the porcine testis after which their numbers are reduced. This pattern could be replicated in testicular tissue formed de novo after transplantation of porcine testis cells to mouse hosts.
To explore the role of primary cilia on testicular somatic cells we inhibited cilia formation in vitro with a small molecule inhibitor, Ciliobrevin D (Firestone et al. 2012) . Since neonatal testicular cells have the ability to reconstruct testicular cords in vitro (Hadley et al. 1985) , we hypothesized that primary cilia are required for testicular somatic cells de novo to form cord-like structures in vitro.
Materials and methods

Tissue enzymatic digestion
Testes from 1-week-old piglets were donated by a commercial farm in Strathmore, Canada. Cells were harvested using a twostep enzymatic protocol previously described (Luo et al. 2009 ). Briefly, seminiferous tubules were isolated after digesting neonatal pig testes with collagenase IV (2 mg/ml) and hyaluronidase (2.5 μg/ml; Sigma). Individual cells were then isolated by digesting seminiferous tubules with trypsin (2 mg/ml; Sigma) and DNase (8 mg/ml).
Selection of testicular somatic cells by differential plating
Compared to germ cells, testicular somatic cells have a higher propensity to adhere to plastic tissue culture dishes (Luo et al. 2006) . To obtain a cell population enriched in somatic cells, testicular cells (5 × 10 6 cells/ml) were plated on 100-mm tissue culture dishes (BD Bioscience, Mississauga, Canada) in 10 ml of Dulbecco Modified Eagle Medium (DMEM) (Life Technologies, Burlington, Canada) with 5 % fetal bovine serum (FBS) (Thermo Scientific, Rochester, USA) and incubated at 37°C in 5 % CO 2 in air. After 18 h, cells remaining in suspension and those slightly attached (containing the majority of germ cells; Luo et al. 2006) were removed after several washes with Dulbecco's phosphate-buffered saline (DPBS) (Life-Technologies). The remaining attached cells were collected by adding 2 ml of 0.25 % trypsin-EDTA (Gibco, Life Technologies) per dish and incubating for 5 min at 37°C. Trypsin action was neutralized by the addition of 10 % FBS and the cell suspension was washed two times in PBS and resuspended in high-glucose DMEM. The recovered cell population was characterized by immunohistochemistry and examined using two separate experimental protocols.
Experimental protocols A and B
Two experimental protocols were designed to test cell suspensions enriched for somatic cells by differential plating: in vitro culture (A) or in vitro tubule formation (B). At least 10 testes from 5 pigs were used for each cell preparation and 3-5 separate cell preparations (replicates) were used for each experimental approach.
Protocol A
Somatic cells (2 × 10 5 ) were plated in each well of a 24-well plate, cultured in DMEM with 5 % FBS and 1 % penicillin and incubated at 37°C in 5 % CO 2 in air overnight to promote cell attachment. Cells were serum deprived for 48 h to attenuate proliferation of the cells while enhancing primary cilia growth (Schneider et al. 2005) . The media for each group was then changed. For the treated group, 10 μM of Ciliobrevin D (Millipore, Darmstadt, Germany) was added for 48 h. Preliminary experiments testing different concentrations (5-40 μM) showed that 10 μM was the minimal amount required to eliminate cilia in more than 90 % of cells. For the control group, the equivalent amount of DMSO used in the treated group was added for 48 h. After this time-frame, attached cells from the control and treated groups were fixed in 4% PFA and characterized by immunocytochemistry for ARL13B, vimentin, Gata4, γ-tubulin, Ki67 and Gli-2.
Protocol B
In vitro tubule formation was performed as described by Gassei et al. (2006) . Briefly, 24-well plates were precoated with 1:1 diluted Matrigel with DMEM, then 1 × 10 6 cells were added in 300 μl DMEM/F12 (Life Technologies), 1 % insulin-transferrin-selenium, 1 % penicillin and 0.1 % epidermal growth factor (Sigma Aldrich, Oakville, Canada). The treated cells received 20 μM of Ciliobrevin D at day 0 and control cells the equivalent amount of DMSO. Preliminary experiments testing a range of concentrations (10-40 μM) showed that 20 μM was the minimal amount required to perturb tubule-like assembly in three-dimensional culture conditions. In vitro-formed tubules were measured at day 4 and characterized for the presence of primary cilia by immunohistochemistry against ARL13B and evaluated by confocal imaging.
Propidium iodide staining was performed in wells from the control and treated groups to evaluate cell viability after treatment with Ciliobrevin D. Propidium iodide (20 μl of 500 nM; Sigma-Aldrich) was added to each well. The wells were incubated for 10 min, rinsed in PBS and evaluated under the microscope.
Ciliobrevin D reversibility assay
Somatic cells (2 × 10 5 ) were plated on glass coverslips attached to 24-well plates, cultured in DMEM with 5 % FBS and 1 % penicillin and incubated at 37°C in 5 % CO 2 in air overnight to promote cell attachment. The media was then changed to DMEM/F12, 1 % insulin-transferrinselenium, 1 % penicillin and 0.1 % epidermal growth factor for 24 h to enhance primary cilia growth. Subsequently, 10 μM of Ciliobrevin D was added for 48 h and the same amount of DMSO was added to the control group. After 48 h, half of the glass coverslips with Ciliobrevin Dtreated cells were collected and the cells were fixed in 4 % PFA. In the remaining wells, media were removed through sequential washes with DPBS. Media without Ciliobrevin D were added to the wells (control and previously treated) and incubated at 37°C in 5 % CO 2 for 48 h. Cells were fixed in 4 % PFA for further characterization by immunocytochemistry against ARL13B.
Cell characterization
Cells used in all the experimental groups were characterized by immunocytochemistry. Germ cells were characterized by their expression of VASA (Tanaka et al. 2000) or UCH-L1 (Luo et al. 2006) , somatic cells by vimentin, Sertoli cells by Gata4 (Tevosian et al. 2002) , Leydig cells by P450c17 (Orava et al. 1989 ) and peritubular myoid cells by alpha-smooth muscle actin (Tung and Fritz 1990) . Primary cilia were identified by ARL13B (Cantagrel et al. 2008 ) and the hedgehog pathway was evaluated by localization of Gli-2 (Ohta et al. 2009 ). Centrosomes were identified by γ-tubulin and cell proliferation by Ki67 staining.
Cells were fixed in 4 % paraformaldehyde for 10 min and washed three times in PBS, then cell suspensions ( 8 × 1 0 4 c e l l s / m l ) w e r e a t t a c h e d t o s l i d e s b y cytocentrifugation (400 × g for 5 min). Cells attached to slides were permeabilized in 0.1 % Triton-X solution for 15 min followed by three consecutive washes in PBS. To avoid non-specific staining, cells were incubated in CASBlock (Life Technologies) for 10 min and then were incubated overnight at 4°C with the following antibodies: mouse monoclonal anti-vimentin Cy3 (1:500; Sigma Aldrich), mouse monoclonal anti-alpha-smooth muscle actin FITC conjugated (1:500; Sigma Aldrich), mouse monoclonal anti-Gata4 (1:40; Santa Cruz Biotechnology, Dallas, USA), mouse monoclonal anti-P450c17 (1:500, kindly donated by Dr. Alan Conley, University of California at Davis), mouse monoclonal anti-human Ki67 (1:200; Dako, Burlington, Canada), rabbit anti-human protein gene product 9.5 (UCHL1; 1:500; AbDSerotec, Raleigh, USA), rabbit polyclonal antibody to ARL13B (1:500; Proteintech, Chicago, USA), rabbit polyclonal antibody to Gli-2 (1:200; Abcam). Primary antibody incubations were followed by secondary antibodies: goat anti-rabbit 
Image analysis
Confocal image analysis and quantification were performed using a Leica SP8 spectral confocal microscope and ImageJ software (Rasband, W.S.; ImageJ, U.S. National Institutes of Health, Bethesda, USA, http://imagej.nih.gov/ij/, 1997-2014).
Analysis and measurement of in vitro tubules were completed using a Zeiss inverted microscope AxioImager M2 equipped with a CCD camera and controlled with AxioVision 4.8 software. Tubules (10 tubules per treatment and replicate) were measured for length and width (Suppl. Fig. 1 ). Three separate measurements taken along the tubule were averaged to obtain one value/tubule for width and length.
Western blot analysis
Effects of ablation of primary cilia by treatment with Ciliobrevin D on the hedgehog pathway were evaluated by Western blot for Gli-2 and Smo. Cells were treated as above, then disrupted by sonication in the sample buffer (2 % SDS, 100 mM Tris-HCl pH 6.8, 100 mM DTT, 10 % Glycerol, 0.02 % Bromophenol Blue), snap-frozen in liquid nitrogen and stored at −80°C. Samples were denatured for 5 min at 95°C and subjected to 8 % SDS polyacrylamide gel electrophoresis. Transfers were performed in a buffer containing 39 mM Glycine, 48 mM Tris base, 0.037 % SDS and 20 % Methanol onto polyvinylidene difluride membranes. All antibody incubations were in 1× TBS-T buffer plus 5 % BSA. Primary antibodies used were goat anti-Gli-2 (N-20) (0.4 μg/ml, #sc-20290; Santa Cruz Biotechnology) and rabbit antiSmoothened antibody (N-Terminal) (0.5 μg/ml, #LS-A2666; LifeSpan BioSciences), incubated overnight with slight agitation at 4°C. Anti-actin (1:2000, #A2066; Sigma-Aldrich) was used as loading control. Secondary antibodies, either HRP conjugated anti-goat (1:10000, #ab6885; Abcam) or anti-rabbit IgG (1:10000, #111-036-003; Jackson ImmunoResearch Laboratories), were added to membranes for 2 h at room temperature. Blots were developed with Pierce ® ECL 2 Western Blotting substrate (#80196; Thermo Scientific) and visualized by Molecular Imager ® ChemiDoc™ XRS+ Imaging System (Bio-Rad). Densitometry was performed using ImageJ with band intensity measured relative to actin.
NIH 3 T3 cells and MCF-7 cells were used as controls. NIH 3 T3 cells were grown in DMEM (#D6429: Sigma) supplemented with 10 % fetal bovine serum (#12483-020; Gibco) and 1 % penicillin-streptomycin (#15140-122; Gibco).
MCF-7 cells, kindly provided by Dr. Shemanko (Department of Biological Sciences, University of Calgary), were grown in DMEM supplemented with 10 % fetal bovine serum and 1 % penicillin-streptomycin, as well as 10 μg/ml insulin.
Statistical analysis
A Student's t test with p < 0.05 was used to test for statistically significant differences between groups.
Results
Cells used in all experiments and replicates were characterized by cell type specific immunocytochemistry (Fig. 1) . Sertoli cells at 89.8 ± 2.4 % constituted the majority of the population, followed by peritubular myoid cells 6.8 ± 0.2 %, Leydig cells 2.6 ± 0.7 and 2.1 ± 1.5 of germ cells (n = 5 cell preparations; 500 cells/sample). As described previously (Ou et al. 2014) , primary cilia were present on testicular somatic cells but not on germ cells.
Protocol A
Serum starvation inhibits cell proliferation and promotes maintenance of primary cilia (Schneider et al. 2005) . After 48 h of serum starvation, primary cilia were present Fig. 1 Characterization of the somatic cell population used in experiments and localization of primary cilia by immunofluorescence staining. a Sertoli cells (Gata4, ARL13B and DAPI). b Leydig cells (P450c17, ARL13B and DAPI). c Germ cells (Vasa, ARL13B and DAPI) . Germ cells do not display primary cilia (Ou et al. 2014) . d Peritubular myoid cells (α-smooth muscle actin, ARL13B and DAPI). Bars 10 μm in 89.3 ± 2.3 % of cells cultured in the control group; the percentage of primary cilia decreased to 3.1 ± 2.5 % in the 10 μM Ciliobrevin D-treated group (p < 0.05; Fig. 2 ). Hedgehog transcriptional activator Gli-2 was located at primary cilia and the basal body in cells from the control group indicating a role for cilia in the hedgehog signaling pathway in testicular somatic cells (Fig. 3) .
While Gli-2 and Smo were present in control cells by western blots, levels of these proteins were reduced (average band intensity 37 ± 11 % compared to DMSO control, p < 0.05 for Gli-2 and 37 ± 22 % compared to DMSO control, p = 0.1 for Smo) in cells where cilia had been ablated by treatment with Ciliobrevin D (Fig. 4) .
We evaluated centrosome localization and cell proliferation to investigate possible off target effects driven by the inhibition of ATPase motor cytoplasmic dynein such as abnormal mitotic spindle arrangement or centrosome positioning.
Neither parameter was affected by the addition of the small molecule inhibitor for 48 h (Fig. 5) ; cell proliferation in control and treated cells was 9.1 ± 1 % versus 9.3 ± 1.4 %, respectively and distance between the centrosome and nuclear membrane was 2.16 ± 0.76 μm in control versus 2.4 ± 0.8 μm in Ciliobrevin D-treated cells.
Protocol B
After 48 h in culture, tubule-like structures formed in all wells from control and treated groups. Wells treated with 20 μM Ciliobrevin D contained smaller structures (Fig. 6) . At day 4, we measured in vitro tubule-like structures from both groups. Tubules from the control group were significantly longer and wider than those formed when Ciliobrevin D was added, 9.91 ± 0.85 vs. 5.54 ± 1.08 mm and 339.8 ± 55.78 vs. 127.2 ± 11.9 μm, respectively (p < 0.05). 
Discussion
Studies in the past 15 years have augmented our understanding of how primary cilia orchestrate development by commanding important pathways. They have led to greater insight into several human disorders such as Joubert syndrome, polycystic kidney disease, Jeune syndrome and others (Fliegauf et al. 2007) . They have also served to impact industry where there is increased interest in the development of pharmaceutical agents that target cilia and hedgehog proteins.
The role of hedgehog pathways during embryonic development has been established from Drosophila to vertebrates. In vertebrates, most data regarding the male reproductive system and its coordinating pathways are from rodent studies where the presence of primary cilia is observed in the efferent ductules (Hess 2015) . Nonetheless, our knowledge of the role of primary cilia in male reproductive organs is nonexistent and limited to the awareness that most patients with ciliopathies have hypogonadism and are infertile (Hildebrandt et al. 2011) .
Our group was the first to describe the presence of primary cilia in the testis (Ou et al. 2014 ) and the present study is the first to report a link between primary cilia, tubular morphogenesis and the hedgehog pathway in neonatal testicular somatic cells. As described for other cell types (Corbit et al. 2005; Rohatgi et al. 2007 ), Gli-2 was localized at the primary cilium and basal body in testicular somatic cells. To study the effect of primary cilia in testicular somatic cells, we used Ciliobrevin D, the most selective ATPase motor cytoplasmic dynein antagonist. We were able to perturb ciliary formation and elements of hedgehog signaling. These observations are similar to those reported for myogenic cells (Fu et al. 2014) . Given the importance of ATPase motor cytoplasmic dynein processes in cell viability, we used the minimal effective concentration to inhibit cilia formation and provided a serum-free environment to inhibit proliferation and circumvent other cellular processes dependent on ATPase motor cytoplasmic dynein (Firestone et al. 2012) . Our data show that viability and centrosome positioning were not disturbed by the addition of 10 μM of Ciliobrevin D and that proliferation rates were similar in both groups for more than 48 h in culture.
The inhibition of primary cilia in testicular somatic cells resulted in loss of Gli-2 and Smoothened, thereby likely affecting the hedgehog signaling pathway as previous studies have shown that Gli-2 degradation is suppressed by active Shh signaling in vivo (Pan et al. 2006) . Using the in vitro tubule formation assay, we additionally demonstrated that reduction in primary cilia impaired the ability of neonatal testicular cells to rearrange into testicular-like tubules. It is possible that ablation of primary cilia and hedgehog signaling blocks differentiation of Sertoli cells required for tubule formation, as was reported in the differentiation of myogenic cells to muscle fibers (Fu et al. 2014) .
The findings established here indicate a relationship between primary cilia and the hedgehog pathway in the neonatal testis. Given the recognized role of primary cilia as a signaling hub for important pathways in many other systems, future investigations should be directed at validating the role of this organelle and the interplay between pathways that establish and maintain the spermatogonial stem cell niche. For example, studies in kidney proximal tubule cells showed that fluid flow-induced bending of primary cilia is associated with calcium signaling (Praetorius and Spring 2003) . It is possible that primary cilia on Sertoli cells could be involved in sensing fluid movement within the seminiferous tubule.
We demonstrated previously that the temporal pattern of primary cilia formation in the developing postnatal testis is recapitulated in testis tissue formed de novo from isolated cells grafted to mice (Ou et al. 2014) . This system could provide a platform to manipulate formation of primary cilia in the testis and serve as a new model for studying cilia function, elucidating reproductive defects in patients with ciliopathies and testing new treatment protocols.
In summary, we demonstrated that inhibition of ATPase motor cytoplasmic dynein prevents formation of primary cilia in testicular somatic cells and thereby affects elements of the hedgehog signaling pathway. Furthermore, we demonstrated that primary cilia are required for in vitro formation of tubules, indicating that primary cilia on testicular somatic cells may play an important role in testicular morphogenesis.
